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A B S T R A C T  
This  document i s  t h e  f i n a l  r epor t  f o r  a s tudy  program t o  d e t e r -  
mine t h e  f e a s i b i l i t y  of u s i n g  t h e  technique of F r u s t r a t e d  M u l t i -  
p l e  I n t e r n a l  R e f l e c t i o n  (FMIR) Spectroscopy f o r  ob ta in ing  t h e  in -  
f r a r e d  abso rp t ion  s p e c t r a  of powdered rocks.  
FMIR technique i s  d i scussed ,  and t h e  in s t rumen ta t ion  of t h e  system 
used  i n  t h i s  s tudy  i s  descr ibed.  The FMIR i n f r a r e d  abso rp t ion  
s p e c t r a  of s i l i c a t e  powders (of d iameters  0 t o  43 p,  150 p and 
300 p) w e r e  of high s p e c t r a l  q u a l i t y ,  and no loss of energy due 
t o  l i g h t  s c a t t e r i n g  was observed, Experimental r e s u l t s  i n d i c a t e  
t h a t  FMIR Spectroscopy i s  a f e a s i b l e  method f o r  ob ta in ing  high 
q u a l i t y  i n f r a r e d  abso rp t ion  spec t r a  of powders and rough so l ids  
i n  t h e i r  n a t u r a l  s t a t e ,  
The theo ry  of t h e  
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1. INTRODUCTION 
This document i s  a f i n a l  r e p o r t  f o r  a four-month s tudy  program con- 
ducted by P h i l i p s  Labora to r i e s ,  A Divis ion  of North American P h i l i p s  
Company, Inc.  The purpose of t h e  r e sea rch  s t u d y  was t o  determine t h e  
f e a s i b i l i t y  of using t h e  technique of F r u s t r a t e d  Mul t ip le  I n t e r n a l  
R e f l e c t i o n  (FMIR)  Spectroscopy t o  o b t a i n  t h e  i n f r a r e d  abso rp t ion  
s p e c t r a  of powdered rocks.  
2. OBJECTIVES 
FMIR spectroscopy has  made it poss ib l e  t o  ana lyze  chemical com- 
pounds which a r e  n o t  o r  cannot be pu t  i n t o  a f o r m  s u i t a b l e  f o r  in -  
v e s t i g a t i o n  by convent ional  i n f r a r e d  abso rp t ion  spectroscopy. The 
technique  appears  t o  be a va luable  a n a l y t i c a l  t o o l  f o r  t h e  s tudy  of 
powders. 
o b j e c t i v e s  of t h i s  s tudy  program w e r e :  
F a b r i c a t i o n  of an FMIR system ( 2  t o  15  micron wavelength r a n g e ) ,  
i nc lud ing  the  i n v e s t i g a t i o n  of s e v e r a l  probe (ce l l )  m a t e r i a l s .  
Purchase of q u a r t z  powder i n  s e v e r a l  p a r t i c l e  s i z e s .  
Obtaining FMIR abso rp t ion  spec t ra  of t h e s e  powders. 
Determinat ion of the  degree of s c a t t e r i n g  i n  t h e  non-absorbing 
r e g i o n  of these powders. 
Comparison of s p e c t r a  of p a r t i c l e s  i n  t h e  10 t o  50 micron d i a -  
meter range . 
Obtaining FMIR abso rp t ion  spec t ra  of rough s o l i d s  such a s  
f rosted g l a s s  o r  sand b l a s t e d  q u a r t z  . 
PAGE 1 OF 57 
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3 .  
3.1 FMIR System 
3.1.1 Theory 
1. FMIR P r i n c i p l e s .  To ta l  i n t e r n a l  r e f l e c t i o n  spectroscopy has  
found numerous a p p l i c a t i o n s  s ince  t h e  technique was first proposed 
( R e f s .  1, 2 ,  3 ,  4 ) .  I n  many a p p l i c a t i o n s ,  d i s t i n c t  advantages a r e  
found over convent ional  absorp t ion  techniques .  For example, i n  
measuring t h e  abso rp t ion  spec t r a  of l i q u i d s ,  troublesome i n t e r -  
f e rence  p a t t e r n s  found i n  t h i n  l i q u i d  c e l l s  a r e  e l imina ted .  The 
s t r e n g t h  of t h e  molecular resonance  abso rp t ion  can be a d j u s t e d  by 
changing t h e  ang le  of inc idence  of t h e  l i g h t  beam or t h e  volume of 
sample under i n v e s t i g a t i o n .  
I n  F r u s t r a t e d  Mul t ip le  I n t e r n a l  Re f l ec t ion ,  t h e  su r face  i s  sampled 
many t i m e s ,  and weak absorp t ions  a r e  t h u s  ampl i f ied .  The advantages 
t h u s  gained over a s i n g l e  r e f l e c t i o n  approach a r e  t h a t  t h e  s p e c t r a  
of t h i n  f i l m s ,  even monolayer f i lms ,  can be measured; measurements 
on b u l k  m a t e r i a l s  can be made f a r  from t h e  c r i t i c a l  angle ;  and t h e  
r e s u l t i n g  s p e c t r a  more c l o s e l y  resemble t h o s e  obtained by t r a n s -  
miss ion  spectroscopy.  
B r i e f l y ,  t h e  p r i n c i p l e s  of F M I R  a r e  t h e  fol lowing.  With r e fe rence  
t o  t h e  coord ina te  system shown i n  Figure 1, l i g h t  propagat ing i n  
t h e  dense r  medium towards an i n t e r f a c e  where t h e r e  i s  a change i n  
r e f r a c t i v e  index w i l l  be t o t a l l y  r e f l e c t e d  when t h e  angle  of inc idence  
exceeds t h e  c r i t i c a l  angle  given by 
1 - 
0 = s i n  n21 
C 
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Figure  1: Reference Coordinate  System f o r  L igh t  Ray 
I n c i d e n t  on an  I n t e r f a c e  Between Two Media 
(1, 2) Where There i s  a Change i n  Refrac- 
t i v e  Index. 
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where nal = nanl. A s  a r e s u l t  of t h e  s u p e r p s s i t i o n  of t h e  incoming 
and reflected waves, a s tanding wave normal t o  t h e  r e f l e c t i n g  i n t e r -  
f ace  i s  e s t a b l i s h e d ,  a s  shown i n  F igure  2 .  I n  t h e  denser  medium, 
t h e  e l ec t r i c  f i e l d  amplitude v a r i e s  s i n u s o i d a l l y  w i t h  d i s t a n c e  from 
t h e  su r face .  I n  t h e  r a r e r  medium, however, a nonpropagating wave 
i s  found where t h e  e l e c t r i c  f i e l d  amplitude decays exponen t i a l ly  
w i t h  d i s t a n c e  from t h e  sur face .  The depth  of  p e n t r a t i o n  i n  t h e  
r a r e r  medium i s  def ined  a s  t h e  d i s t a n c e  r equ i r ed  f o r  t h e  e lec t r ic  
f i e l d  amplitude t o  decay t o  one-half of i t s  va lue  a t  t h e  su r face  
and i s  g iven  by 
~ T T  (sin2 o - nZ1 2 p  
This  p e n e t r a t i o n  depth  is p l o t t e d  vs  angle  of inc idence  and i s  
shown i n  F igure  3 fo r  t w o  cases, namely na1 = 0.285 and rial = 0.457. 
I t  should be noted t h a t  t h e  pene t r a t ion  depth  i s  of t he  order of one- 
t e n t h  of t h e  wavelength i n  t h e  denser  medium near  g raz ing  inc idence  
b u t  reaches  l a r g e  va lues  nea r  t h e  c r i t i c a l  angle .  It  has been shown 
i n  numerous experiments t h a t  it i s  p o s s i b l e  t o  couple or absorb 
energy  f r o m  t h i s  p e n e t r a t i n g  electromagnet ic  f i e l d :  t h u s ,  t h e  re- 
f l e c t a n c e  becomes l e s s  than  t o t a l ,  and t h e  r e f l e c t i o n  i s  t h u s  f r u s -  
t r a t ed .  
For m o s t  of t h e  measurements on s u r f a c e  phenomena, t h e  th i ckness  of 
t h e  f i l m s  involved i s  considerably less than  a p e n e t r a t i o n  depth,  
hence v a r i a t i o n  of t h e  magnitude of p e n e t r a t i o n  dep th  w i t h  8 does 
n o t  cause  displacement  o r  d i s t o r t i o n  of t h e  abso rp t ion  band. 
PAGE 4 
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F i g u r e  2: Stand ing  Wave P a t t e r n  for  T o t a l  I n t e r n a l  
Ref lec t ion  a t  I n t e r f a c e  
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\ - 
N 
0.4 
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C 
-a  n2. = 0.285 (Curve a )  
nZ1 = 0.457 (Curve b)  
Figure 3: Penet ra t ion  Depth vs 
Angle of Incidence 
fca eqb, I I -I 
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One important  q u a n t i t y  f o r  i n t e r a c t i o n s  w i t h  t h i n  f i l m s  on o r  near  
t h e  s u r f a c e  i s  t h e  e l ec t r i c  f i e l d  amplitude E a t  t h e  s u r f a c e ,  This  
has been c a l c u l a t e d  f o r  t h e  d i f f e r e n t  p o l a r i z a t i o n s  and i s  shown 
i n  Figure 4 for  u n i t  i n c i d e n t  amplitude. H e r e  E i s  t h e  e lec t r ic  
f i e l d  vector perpendicular  t o  the  plane of inc idence ;  it a l s o  re- 
p r e s e n t s  t h e  e l ec t r i c  f i e l d  amplitude f o r  t h e  l i g h t  po la r i zed  per- 
pendicular  t o  t h e  p lane  of incidence.  For t h e  l i g h t  po la r i zed  
p a r a l l e l  t o  t h e  plane of incidence,  it i s  more convenient t o  con- 
0 
YO 
s ider  t h e  components s epa ra t e ly ,  i . e ,  E and E e xo zo 
T o  determine t h e  s t r e n g t h  of i n t e r a c t i o n  w i t h  a t h i n  f i l m  placed on 
t h e  s u r f a c e ,  it i s  convenient t o  c a l c u l a t e  t h e  abso rp t ion  parameter,  
a ,  which i s  def ined  a s  t h e  amount of abso rp t ion  p e r  r e f l e c t i o n  f o r  
u n i t  of incoming power, The r e f l e c t a n c e  R i n  t h e  presence of ab- 
sorp t ior ;  i s  t he=  
R = R (1-a) Z R  ema 
0 0 
f o r  weak abso rp t ions ,  
l e n g t h  X1, t h e  abso rp t ion  parameter i s  found t o  be (Ref., 5) : 
For f i lms  which a r e  t h i n  compared t o  t h e  wave- 
2 
n21 a. d Eo 
cos0 
a =  
H e r e  a i s  t h e  abso rp t ion  c o e f f i c i e n t  of t h e  m a t e r i a l  on t h e  s u r f a c e  
and d i s  i t s  th i ckness ,  The e l e c t r i c  f i e l d  amplitude E is a l -  
ways e q u a l  t o  o r  g r e a t e r  t han  cose; hence t h e  i n t e r a c t i o n  i s  g r e a t -  
er  t h e  nea re r  t o  t h e  c r i t i c a l  angle  t h e  measurements a r e  made. I t  
should be noted t h a t  t h e  absorpt ion i s  g r e a t e r  t h e  closer t h e  match- 
i n g  of r e f r a c t i v e  index of t h e  ce l l  t o  t h a t  of t h e  f i l m ;  i.e. nal-)l. 
I n  a c t u a l  p r a c t i c e ,  many r e f l e c t i o n s  a r e  employed and t h e  t o t a l  ab- 
s o r p t i o n  parameter i s  t h u s  Na and t h e  r e f l e c t a n c e  i s  given by 
0 
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Figure 4: Calcula ted  E lec t r i c  F i e l d  
Amplitude Eo f o r  Unit  In-  
c i d e n t  Amplitude vs Angle 
of Incidence 8 a t  T o t a l l y  
R e f l e c t i n g  I n t e r f a c e  f o r  
nZl = 0.285 
I I I 
30 60 90 8, 8 
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R = R  
0 
N (1-a) N R e 
0 
-Na 
N i s  t h e  number of r e f l e c t i o n s  and i s  g iven  by 
where R i s  t h e  l eng th  of t h e  cel l  and t i s  i t s  th i ckness .  
S ince  N rises sha rp ly  w i t h  decreasing 8 ,  it would appear advantage- 
ous t o  make t h e  ce l l s  from high index m a t e r i a l s  where t h e  c r i t i c a l  
angle  i s  smal l ,  and many r e f l e c t i o n s  can be employed. 
For ang le s  below 45', t h e  a p e r t u r e  of t h e  c e l l  dec reases ,  however, 
and t h u s  t h e r e  i s  a p r a c t i c a l  lower  l i m i t  t o  t h e  choice of angle  
of inc idence .  Once t h i s  lower l i m i t  i s  chosen t o  g i v e  a s  high a 
va lue  of N a s  f e a s i b l e ,  t h e  formula f o r  t h e  abso rp t ion  parameter 
sugges t s  choosing a c e l l  m a t e r i a l  so  t h a t  t h e  working ang le  i s  c l o s e  
t o  t h e  c r i t i c a l  angle  when t h e  degree of abso rp t ion  pe r  r e f l e c t i o n  
i s  t h e  g r e a t e s t .  
Measurements of t h e  t o t a l  absorp t ion  parameter Na vs  ang le  of in -  
c idence f o r  a t h i n  f i l m  of polystyrene have been made and a r e  
shown i n  Figure 5. N has a valce of about 100 a t  8 = 45' e The 
sha rp  i n c r e a s e  i n  Na w i t h  decreasing 8 should be noted. This  re- 
s u l t s  from bo th  an  i n c r e a s e  i n  N and a w i t h  decrease  i n  8. It  
should a l s o  be noted t h a t ,  i n  agreement w i t h  theory ,  t h e  absorp- 
t i o n  parameter  i s  always g r e a t e r  f o r  p a r a l l e l  p o l a r i z a t i o n  than  
f o r  p e r p e n d i c u l a r ,  The s t r o n g e s t  i n t e r a c t i o n  can be achieved by 
o r i e n t i n g  t h e  d i p o l e s  normal t o  t h e  s u r f a c e  because of t h e  l a r g e  
va lues  of E . This might be done e l e c t r i c a l l y .  
20 
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The important  advantages of fe red  by t h e  FMIR technique  over  con- 
v e n t i o n a l  i n f r a r e d  abso rp t ion  techniques a r e :  
Sample p repa ra t ion  i s  easy .  The sample t o  be s tud ied  
need on ly  be brought t o  wi th in  a p e n e t r a t i o n  depth  of t h e  
F M I R  ce l l .  For h i g h l y  absorbing samples it i s  not  nec- 
e s s a r y  t o  prepare  t h i n  f i l m s  o r  powder p e l l e t s  a s  i s  done 
i n  convent ional  t ransmission spectroscopy,  The r a t h e r  
t e d i o u s  p repa ra t ion  of specu la r ly  r e f l e c t i n g  s u r f a c e s  i s  
n o t  requi red  a s  i n  conventional r e f l e c t i o n  spectroscopy,  
Therefore ,  t h e  sample may be analyzed i n  i t s  n a t u r a l  
s t a t e  
The bothersome i n t e r f e r e n c e  phenomenon a s s o c i a t e d  w i t h  
f i l m s  ( l i q u i d  o r  solids) i n  convent ional  spectroscopy 
is  absent .  
The o p t i c a l  cons t an t s  n and k of t h e  sample i n  t h e  v i c i n i t y  
of abso rp t ion  bands can be measured. Measurements made fo r  
a n g l e s  of incidence near  the  c r i t i c a l  ang le  q u a l i t a t i v e l y  
resemble t h e  mirror  image of t h e  d i s p e r s i o n  i n  t h e  re- 
f r a c t i v e  index n, whi le  measurements made f a r  from t h e  cr i -  
t i c a l  angle  c l o s e l y  resemble t h e  abso rp t ion  cons t an t  k, These 
measurements can be combined t o  p r e c i s e l y  determine n and k, 
Trace amounts of i n f r a r e d  abso rbe r s  can be de tec ted ,  be- 
cause t h e  m a t e r i a l  t o  be s tudied  can be e f f i c i e n t l y  placed 
on t h e  FMIR c e l l ,  A s  a r e s u l t ,  less m a t e r i a l  is requi red  
t o  o b t a i n  a spectrum than  i n  convent ional  techniques ,  
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Spec t ra  of monolayer f i l m s  can be ob ta ined ,  S ince  hun- 
d reds  of r e f l e c t i o n  (samplings) can be employed, t h e  
s p e c t r a  of f i l m s ,  one monolayer o r  less i n  th i ckness ,  
can be obtained.  This  mul t ip l e  sampling f e a t u r e  a l s o  
a l lows  i n v e s t i g a t i o n  of d i spersed  samples, e.g, powders. 
The c o n t r a s t  of t h e  spectrum obtained can be c o n t r o l l e d  
by c o n t r o l l i n g  t h e  angle  of inc idence  and t h e  number of 
r e f l e c t i o n s .  
L igh t  s c a t t e r i n g  by powder samples i s  a b s e n t ,  
FMIR C e l l s .  The type  of i n t e r n a l  r e f l e c t i o n  c e l l  employed 
a cons iderable  bea r ing  on t h e  ease  w i t h  which measurements 
be made, Fahrenfor t  (Refs. 2, 3)  has  used a c e l l  i n  t h e  
form sf a hemicylinder f e r  one r e f l e c t i o n  and a modified hemi- 
c y l i n d e r  f o r  a s  many a s  f i v e  r e f l e c t i o n s  where t h e  angle  of i n -  
c idence  could be ad jus t ed  over a c e r t a i n  range,  Harr ick (Refs.  
1, 4 ,  5) and o t h e r s  (Refs.  6 ,  7 )  have employed t h i n  f l a t  p l a t e s  
where up t o  500 m u l t i p l e  r e f l e c t i o n s  occurred between t h e  plane- 
p a r a l l e l  s u r f a c e s ;  t h e  c e l l s  were operated a t  a predetermined 
a n g l e  of inc idence  . 
a )  Sinqle-Pass  C e l l s .  I n  s ingle-pass  cel ls ,  t h e  en t r ance  and 
e x i t  windows a r e  loca t ed  a t  opposi te  ends of t h e  p l a t e .  A f t e r  t h e  
l i g h t  i s  introduced i n t o  t h e  c e l l  a t  t h e  en t r ance  window, it i s  
propagated down t h e  l e n g t h  of t h e  c e l l  by means of mul t ip l e  in -  
t e r n a l  r e f l e c t i o n  from opposing p l a n e - p a r a l l e l  s u r f a c e s  - emerging 
from t h e  e x i t  window a t  t h e  opposi te  end, Even though t h e  p l a t e  
t h i c k n e s s  i s  l a r g e  compared t o  t h e  wavelength of t h e  l i g h t  em- 
p loyed ,  single-mode e x c i t a t i o n  i s  achieved because of t h e  w e l l  
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def ined  angle  of incidence.  
b) Double-Pass C e l l s .  Figure 6 shows some double-pass cells., 
H e r e  t h e  l i g h t  beam e n t e r s  and e x i t s  from t h e  same end of t h e  
ce l l .  The l i g h t  i s  propagated down t h e  l eng th  of t h e  c e l l  by 
m u l t i p l e  r e f l e c t i o n  from opposing p l a n e - p a r a l l e l  f aces ,  i s  t o t a l -  
l y  r e f l e c t e d  a t  t h e  f a r  end, and t h e n  r e t u r n s  and emerges from 
an  e x i t  window loca ted  near t h e  en t rance .  
Except f o r  an  ang le  of incidence of 45O, t h e  angle  of inc idence  
f o r  t h e  r e f l e c t i o n  a t  t h e  f a r  end w i l l ,  of course ,  be d i f f e r e n t  
- namely, t h e  complement of t h e  ang le  of inc idence  on t h e  s i d e .  
I f  t h e r e  i s  concern t h a t  t h i s  may l ead  t o  a broadening of t h e  
abso rp t ion  band, t h e  end of t h e  c e l l  can be me ta l l i zed  o r  masked 
so  t h a t  t h e  r e f l e c t i o n  here  w i l l  no t  p l a y  a p a r t  i n  t h e  absorp- 
t i o n ,  Because t h e  angle  of incidence a t  t h e  end of t h e  c e l l  i s  
t h e  complement of t h e  angle  on t h e  s i d e s ,  t h e  range of ang le s  of 
inc idence  which can be employed i s  from t h e  c r i t i c a l  angle  8 t o  
(90-9 ) ;  f o r  s ing le-pass  c e l l s  t h e  range i s  9 t o  90°, 
C 
C C 
F igu re  6a shows such a double-pass c e l l  designed f o r  a predetermin- 
ed a n g l e  of inc idence  and a specif ic  number of r e f l e c t i o n s ,  The 
s t r u c t u r e  shown i n  Figure 6b, on t h e  o t h e r  hand, permi ts  a n  ad- 
ju s tmen t  of t h e  angle  of incidence a s  w e l l  a s  t h e  number of re- 
f l e c t i o n s  b u t  on ly  f o r  a few s p e c i f i c  ang le s  of inc idence ;  t h i s  
i s  because t h e  e x i t  and entrance beams m u s t  pas s  through a common 
p i v o t  p o i n t .  When t h e  angle  of inc idence  i s  changed, t h e  p a t h  
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Figure  6: Double-Pass  M u l t i p l e  R e f l e c t i o n  C e l l s  
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l e n g t h  i n  t h e  c e l l  changes, thereby a l t e r i n g  t h e  l o c a t i o n  of t h e  
e x t e r n a l  focus ,  T h i s  can be compensated f o r  e i ther  by s e p a r a t e  
manual adjustment o r  a d i r e c t  coupling t o  one of t h e  mi r ro r  set-  
t i n g s  * 
For a s t r u c t u r e  s i m i l a r  t o  t h a t  shown i n  Figure 6a,  50% of t h e  
emerging r a d i a t i o n  w i l l  be d i r e c t e d  back toward t h e  source. 
T h i s  l o s s  can l a r g e l y  be el iminated by making t h e  en t r ance  window 
sma l l e r  t han  t h e  e x i t  window, a s  shown i n  Figure 6c. If it i s  
desired t o  vary  t h e  angle  of incidence cont inuously,  t h e  s t r u c t u r e  
shown i n  Figure 6d can be used  w i t h ,  of course ,  a 50% loss i n  
l i g h t  i n t e n s i t y ,  
3 ,  C e l l  P repara t ion .  There a re  a number of i n f r a r e d  t r a n s p a r e n t  
m a t e r i a l s  from which c e l l s  may be cons t ruc ted  (see Table 1). 
High index m a t e r i a l s  have t h e  advantage t h a t  t h e r e  i s  a w i d e  
choice i n  angle  of inc idence ,  and t h u s  it i s  p o s s i b l e  t o  employ 
many r e f l e c t i o n s  when t h e  c e l l  l eng th  i s  l i m i t e d ,  I t  i s  pre- 
f e r a b l e  t o  work w i t h  r e f l e c t i o n s  from plane s u r f a c e s  because t h e  
o p t i c s  are  then  s i m p l i f i e d ,  
When many r e f l e c t i o n s  are employed, o p t i c a l l y  pol i shed  s u r f a c e s  
a r e  r equ i r ed ,  s i n c e  t h e  r e f l e c t i o n  must be specu la r  r a t h e r  t h a n  
d i f f u s e .  L i g h t  s c a t t e r i n g  not  on ly  causes  a loss i n  sampling 
power, b u t  makes ba lanc ing  i n  double-beam arrangements more of a 
problem. Also, su r face  sc ra t ches  induced through normal use 
l e a d  t o  l i g h t  s c a t t e r i n g ;  when t h e  power loss becomes excess ive ,  
t he  c e l l  must be repol i shed  or rep laced .  
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Table 1: Parameters of Typical  I n f r a r e d  Transparent  Ma te r i a l s  
f o r  C e l l s  
Wavelength Range Mat e r i a  1 (microns) 
0.6 t o  40 
V i s i b l e  t o  20  
* C r i t i c a l  angle  f o r  m a t e r i a l / a i r  i n t e r f a c e  
** G e  i s  t r a n s p a r e n t  beyond 1 2  p ,  b u t  t h e  t r anspa rency  decreases  
markedly, 
Smooth s u r f a c e s  can be prepared by mechanical p o l i s h i n g ,  For 
c e r t a i n  experiments,  however, t h e  s u r f a c e s  r e s u l t i n g  from mechan- 
i c a l  p o l i s h i n g  a r e  undes i r ab le .  
r e c e n t l y  developed f o r  semiconductors (Ref. 8) a r e  t h u s  a t t r a c t i v e .  
Other e t ch ing  techniques ,  e,g, s p i n  e t c h ,  a r e  under i n v e s t i g a t i o n ,  
The success  of a thermal  e t c h  on s i l i c o n  followed by anneal ing 
(Ref,  6 )  i s  a l s o  encouraging, With c e r t a i n  m a t e r i a l s ,  cleaved 
s u r f a c e s  might a l s o  be employed, 
E lec t ro -po l i sh ing  techniques 
I n  c e l l s  designed f o r  many r e f l e c t i o n s ,  t h e  sampling s u r f a c e s  m u s t  
be  p l a n e - p a r a l l e l  t o  a high degree,  I f  t h e  s u r f a c e s  a r e  o f f  p a r a l l e l  
by 0,1", f o r  example, t h e  i n t e r n a l  ang le  of inc idence  w i l l  change 
by 10" a f t e r  100 i n t e r n a l  r e f l e c t i o n s ,  The l i g h t  beam w i l l  no t  reach  
PAGE 16 
PHILIPS LABORATORIES 
PL-15-FMIR64-1107 
t h e  e x i t  window if it i s  d i r e c t e d  from t h e  t h i c k e r  toward t h e  
t h i n n e r  end of t h e  c e l l  and the  working ang le  i s  l e s s  than  loo 
from t h e  c r i t i c a l  angle .  
I n  g e n e r a l ,  it i s  p r e f e r a b l e  t o  c u t  and prepare  t h e  c e l l  i n  one 
p i ece .  When t h e  s t r u c t u r e  becomes complicated,  such a s  t h a t  shown 
i n  Figure 6d, it may be assembled from a number of p i e c e s  by o p t i c a l  
c o n t a c t  a long t h e  d o t t e d  l i n e s .  O p t i c a l  c o n t a c t  can r e a d i l y  be 
achieved between two s u r f a c e s  pol ished f l a t  t o  w i t h i n  one-twent ie th  
of t h e  wavelength of sodium l i g h t .  
The d e s i r e d  ang le  of inc idence  i s  chosen according t o  t h e  depth  
of p e n e t r a t i o n  and e e c t r i c  f i e l d  s t r e n g t h  r equ i r ed  i n  t h e  r a r e r  
medium (Ref. 3 ) .  The ang le  of inc idence  a l s o  determines t h e  number 
of r e f l e c t i o n s  and a p e r t u r e  of t h e  ce l l .  These can be c a l c u i a t e d  
from geometr ica l  cons ide ra t ions  and a r e  shown i n  Figure 7 .  
The number of r e f l e c t i o n s  i s  given by 
N =  R c o t  e 
t 
f o r  s ing le -pass  cel ls  and i s  t w i c e  t h i s  f o r  double-pass c e l l s .  H e r e  
1 i s  t h e  l e n g t h  of t h e  c e l l  p l a t e  and t is  i t s  th i ckness .  
For maximum a p e r t u r e ,  t h e  entrance and e x i t  windows should be c u t  
so  t h a t  t h e  l i g h t  e n t e r s  and leaves a t  normal incidence.  This  a l s o  
e l i m i n a t e s  p o l a r i z a t i o n  a s  w e l l  a s  d i s p e r s i o n  due t o  r e f r a c t i o n  a t  
t h e  windows. The a p e r t u r e  i s  def ined a s  t h a t  p o r t i o n  of window 
which t r a n s m i t s  l i g h t  i n t e r n a l l y  r e f l e c t e d  a t  t h e  d e s i r e d  ang le  of 
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inc idence .  For ang le s  of incidence less t h a n  45', only p a r t  of t h e  
beve l  c o n t r i b u t e s  t o  t h e  a p e r t u r e  A: 
For 45' < Q < 90' 
A = 2 t s i n 9  
A = t sec9 
For double-pass cells ,  A i s  the  t o t a l  a p e r t u r e  of t h e  en t r ance  p l u s  
e x i t  windows, whi le  f o r  s ing le-pass  cel ls ,  A r e p r e s e n t s  t h e  a p e r t u r e  
of e i t h e r  t h e  en t r ance  window o r  e x i t  window. 
t he  t o t a l  a p e r t u r e  remains cons tan t  r e g a r d l e s s  of how it i s  d iv ided  
between t h e  en t r ance  and e x i t  windows. 
For double-pass ce l l s ,  
The dimensions of t h e  c e l l  a r e  determined from t h e  fo l lowing  con- 
s i d e r a t i o n s .  The width of t h e  c e l l  i s  chosen t o  be equa l  t o  o r  
g r e a t e r  t han  t h e  h e i g h t  of t h e  monochromator s l i t  - e ,g ,  1 t o  1.5 cm. 
The length- to- th ickness  r a t i o  of t h e  c e l l  determines t h e  number of 
r e f l e c t i o n s  once t h e  ang le  of incidence i s  s e l e c t e d .  Previous ce l l s  
used a t  P h i l i p s  Labora to r i e s  were of t h i c k n e s s e s  ranging from 0.25 
t o  5 mm and of l eng ths  from 1 t o  10 c m .  
Typ ica l  dimensions of t h e  o p t i c a l l y  f i n i s h e d  ce l l s  used i n  t h i s  
s t u d y  w e r e :  
0 Entrance and e x i t  windows beveled f o r  45' angle  of 
inc idence  
C e l l  t h i c k n e s s  1 t o  2 mm 
0 C e l l  h e i g h t  20 mm 
0 C e l l  l e n g t h  55 mm 
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C e l l s  cons t ruc ted  from h igh ly  t r a n s p a r e n t  m a t e r i a l ,  w i t h  h igh ly  
pol i shed  p l a n e - p a r a l l e l  su r f aces ,  t r a n s m i t t e d  c l o s e  t o  t h e o r e t i c a l l y  
expected power even f o r  hundreds of r e f l e c t i o n s ;  t h e  p r i n c i p a l  
l o s s e s  w e r e  due t o  r e f l e c t i o n s  a t  t h e  en t rance  and e x i t  windows. 
I 3.1.2 Ins t rumenta t ion .  
I 1. O p t i c s .  The cel ls  shown i n  Figure 6 can be used i n  conjunc- 
I 
r 
I t i o n  w i t h  any i n f r a r e d  spectrometer w i t h  t h e  a d d i t i o n  of s u i t a b l e  
t r a n s f e r  o p t i c s .  S ince  t h e  sampling space provided i n  many spec- 
t rome te r s  i s  o f t e n  inadequate ,  it i s  d e s i r a b l e  t o  e i t h e r  e x t r a c t  
t h e  monochromatic l i g h t  beam from t h e  spectrometer  and work w i t h  
e x t e r n a l  o p t i c s ,  o r  t o  modify t h e  source o p t i c s  of t h e  spec t ro -  I 
I meter.  The l a t t e r  was done i n  t h i s  experiment. By t h e  i n t r o -  
duc t ion  of p l ane  mi r ro r s ,  t h e  s l i t  image can be r o t a t e d  so  t h a t  t h e  
ce l l s  can be operated i n  a v e r t i c a l  p o s i t i o n ,  i.e. dipped i n t o  
t h e  powder o r  l i q u i d  sample. 
An o p t i c a l l y  balanced double-beam system (see Figures  8, 9) was 
f a b r i c a t e d  which employed two double-pass c r y s t a l s  a s  r e fe rence  
and sample ce l l s .  The balanced arrangement was chosen because 
of t h e  high s e n s i t i v i t y  a v a i l a b l e ;  high g a i n  narrow band ampli- 
f i e r s  can be used s i n c e  t h e  unbalance s i g n a l  i s  AC. Also,  l i g h t  
sou rce  i n t e n s i t y  f l u c t u a t i o n s  and atmospheric abso rp t ion  bands a r e  
minimized. 
I n  t h i s  system t h e  l i g h t  emanating from t h e  Nernst glower source 
i s  a l t e r n a t e l y  focused onto the en t r ance  window of t h e  reference 
and sample ce l l s .  T h i s  a l t e r n a t i o n  of t h e  beam between r e fe rence  and 
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F i g u r e  9: Balanced  Double-Beam System 
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sample cel ls  i s  accomplished a t  the  r a t e  of 1 2  cps by means of a 
s i n g l e  chopping mi r ro r  s i l v e r e d  on bo th  sides. The mi r ro r  a c t s  
a s  a beam s p l i t t e r  and a beam recombiner. Due t o  mir ror  t h i ck -  
nes s ,  t h e  sample c e l l  i s  placed o f f  a x i s .  The recombined beam i s  
focused onto  t h e  en t rance  s l i t  of t h e  monochromator (NaC1 prism) 
and passed onto  a thermocouple d e t e c t o r .  Since t h e  s p l i t  beam 
t r a v e l s  equa l  pa ths  through equal  media, t h e  e f f e c t s  due  t o  a t -  
mospheric abso rp t ions  and absorp t ions  common t o  t h e  ce l l  m a t e r i a l  
a r e  minimized . 
I n  o r d e r  t o  compensate for  minor unbalances i n  t h e  system due t o  
d i f f e r e n c e s  i n  c e l l  l eng ths ,  c e l l  s u r f a c e  f i n i s h ,  e tc , ,  o p t i c a l  
a t t e n u a t o r s  a r e  placed i n  bo th  t h e  r e fe rence  and sample l i g h t  
p a t h s  (see Figure 8, 9 ) .  However, an  a t t e n u a t o r  i s  on ly  necess- 
a r y  i n  t h e  p a t h  of t h e  l i g h t  beam pass ing  through t h e  more trans- 
p a r e n t  c e l l ,  A t  t h e  p r e s e n t  t i m e ,  balance is  achieved a t  a s i n g l e  
wavelength i n  t h e  s p e c t r a  by f i x i n g  t h e  p o s i t i o n  of t h e  a t t e n u a t o r ;  
however, the  u s e  of servo-driven a t t e n u a t o r s  would a l low ba lance  t o  
be achieved throughout t h e  o p t i c a l  range of t h e  instrument .  
For any given s l i t  width s e t t i n g  of t h e  monochromator, more power 
was t r a n s m i t t e d  a t  t h e  s h o r t e r  wavelengths,  This  caused t h e  ab- 
s o r p t i o n  s p e c t r a  t o  be d i s t o r t e d ,  w i th  maximum s i g n a l  and maximum 
s i g n a l  r e s o l u t i o n  occurr ing  a t  t h e  s h o r t e r  wavelengths. 
S p e c i a l  c e l l  ho lde r s  w e r e  f a b r i c a t e d  which permit ted t h e  ce l l s  t o  
be r o t a t e d  about  a f ixed  p ivo t  p o i n t ,  t o  be moved i n  l i n e  w i t h  
p o i n t  of focus  of t h e  convergent l i g h t  beam, and t o  be t i l t e d  f o r  
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maximum i l l u m i n a t i o n  of t h e  entrance window. 
by  a b e l t  d r i v e ,  
swi tch  genera t ing  t h e  synchronous s i g n a l ,  was placed d i r e c t l y  on 
t h e  l u c i t e  mir ror  holder .  
The mirror  i s  d r i v e n  
An i r o n  s h i e l d ,  which a c t i v a t e d  the  magnetic reed 
Some of t h e  advantages of t h e  balanced double-beam system a r e  a s  
fol lows:  
N o  detector matching ( s e n s i t i v i t y  vs.  A )  i s  necessary  
s i n c e  there i s  only  one detector.  
c h a r a c t e r i s t i c s  due t o  age,  shock, ambient temperature ,  
and d e t e r i o r a t i o n  of i t s  window a r e  t h e  same fo r  bo th  
l i g h t  pa ths  (sample and r e fe rence )  . 
Changes i n  detector  
I f  present ,  n a t u r a l l y  occurr ing b u l k  abso rp t ions  (molec- 
u l a r  resonances i n  cell)  a r e  balanced o u t  - provided t h e  
ce l l s  a r e  a t  t he  same temperature.  
Mirror and chopper a r e  a s i n g l e  u n i t ,  t he reby  minimizing 
system v i b r a t i o n .  
System u s e s  power emanating from t h e  source 100% of t i m e ;  
it does no t  l o s e  50% of t h e  power a s  would a system em- 
p loying an  opaque mechanical chopper. 
E f f e c t  of changes i n  r e f r a c t i v e  index of c e l l  a s  a func t ion  
of wavelength i s  el iminated 
Since the  output  of t h e  o p t i c a l  system i s  AC d i f f e r e n c e  
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s i g n a l  (unbalance s i g n a l ) ,  a high g a i n  narrow band AC 
a m p l i f i e r  can be used , 
g ,  The balanced output  i s  independent of v a r i a t i o n s  i n  l i g h t  
source i n t e n s i t y  w i t h  wavelength, 
2 ,  C e l l  M a t e r i a l ,  A number of i n f r a r e d  t r a n s p a r e n t  m a t e r i a l s  
w e r e  obtained from commercial sources  - germanium, s i l i c o n ,  KRS-5, 
s i l v e r  c h l o r i d e ,  IRTRAN 11, IRTRAN I V ,  and ga l l i um a r s e n i d e ,  I n  
a l l  ca ses  except  s i l v e r  ch lo r ide ,  t h e s e  c r y s t a l s  w e r e  f a b r i c a t e d  
i n t o  double-pass c e l l s ;  t h e  en t rance  and e x i t  windows w e r e  angled 
a t  45', and t h e  c o l l e c t i n g  s u r f a c e s  w e r e  po l i shed  t o  an o p t i c a l  
f i n i s h ,  
a .  S i l v e r  Chlor ide C e l l s ,  Although t h e  AgCl c r y s t a l ,  ob ta ined  
a s  r o l l e d  s tock ,  i s  t r a n s p a r e n t  throughout t h e  reg ion  of i n t e r e s t ,  
i t s  s o f t n e s s  makes it h igh ly  s u s c e p t i b l e  t o  s c r a t c h e s  and o t h e r  
s u r f a c e  deformations induced i n  t h e  r o l l i n g  process  and i n  u s e .  
b. IRTRAN I1 and IRTRAN I V  Ce l l s .  These cells ,  made of pressed  
m a t e r i a l s ,  do n o t  e x h i b i t  uniform o p t i c a l  c h a r a c t e r i s t i c s  from 
c e l l  t o  c e l l ,  The s c a t t e r i n g  of l i g h t  due t o  t h e  g r a n u l a r  n a t u r e  
of t h e  c e l l  causes  excess ive  l o s s  of sampling power, The use of 
IRTRAN c e l l s  i n  a balanced system, which r e q u i r e s  matched p a i r s  
of ce l l s ,  would r e q u i r e  t i m e  consuming e f f o r t  t o  select  matched 
p a i r s ;  t h i s  i s  due t o  t h e  p re sen t  s t a t e  of t h e  a r t  of c r y s t a l  
manufacturing , 
c,  KRS-5 C e l l s .  These cel ls  a r e  t r a n s p a r e n t  t o  i n f r a r e d  rad- 
i a t i o n  over  a wide range of wavelengths b u t  a r e  s u s c e p t i b l e  t o  
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s u r f a c e  s c r a t c h e s  because of t h e  c r y s t a l ' s  s o f t n e s s .  Sc ra t ch ing  
occurred when t h e  cel ls  w e r e  cleaned by  brushing w i t h  s o f t  co t ton .  
The mixed c r y s t a l  composition of KRS-5 (T lBr -T1I )  is  such t h a t  
t h e  composition of t h e  c e l l ' s  su r face  changed ( p r e f e r e n t i a l  leach- 
i n g  of t h e  t h a l l i u m  compounds) when t h e  c e l l  was cleaned w i t h  w e t  
o rgan ic  s o l v e n t s  o r  mild de t e rgen t s  i n  aqueous s o l u t i o n .  This  re- 
s u l t e d  i n  increased  s c a t t e r i n g  of t h e  i n t e r n a l l y  r e f l e c t e d  r ad ia -  
t i o n ,  w i t h  subsequent l o s s  i n  sampling power. 
d )  Germanium and S i l i c o n  C e l l s ,  These c e l l s  e x h i b i t  long l i f e  
and ruggedness and can be r e a d i l y  cleaned by  u t i l i z i n g  camel h a i r  
b rushes ,  a i r  b rushes ,  and/or mild d e t e r g e n t  washes. 
S i l i c o n  e x h i b i t s  h igh  t ransparency  i n  t h e  1 t o  6 V wavelength 
range and beyond 20  c;.  The t ransparency  of t h e  germanium ce l l s  
i s  r a t h e r  high from 2 t o  1 2  p,  and t h e r e  a r e  no losses due t o  
molecular  resonance abso rp t ion  i n  t h i s  reg ion .  Beyond 1 2  CI, how- 
eve r ,  t h e  t ransparency  of germanium f a l l s  o f f  due t o  l a t t i c e  bands 
and s u r f a c e  ox ida t ion ;  t w o  broad abso rp t ion  bands were noted be- 
tween 1 2  and 14.5 p.  
e)  Gal l ium Arsenide C e l l s .  Prel iminary experiments on h igh  re- 
s i s t i v i t y  (compensated ) GaAs c e l l s  i n d i c a t e  h igh  t r anspa rency  
over t h e  0.9 t o  1 5  p wavelength reg ion  def ined  by  t h e  monochro- 
mator. T h i s  m a t e r i a l  has phys ica l  c h a r a c t e r i s t i c s  s i m i l a r  t o  t h a t  
of s i l i c o n  and germanium. I t  may prove t o  be u s e f u l  a s  a c e l l  
m a t e r i a l .  I t  i s  known t h a t  high r e s i s t i v i t y  GaAs is  t r a n s p a r e n t  
beyond 15  p.  
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3 ,  C e l l  Balance. I n  t h e  balanced arrangement, it i s  d e s i r a b l e  t h a t  
t h e  t ransmiss ion  c h a r a c t e r i s t i c s  of bo th  c r y s t a l s  be i d e n t i c a l  over 
t h e  e n t i r e  t ransmiss ion  range of i n t e r e s t .  This  is p o s s i b l e  s i n c e  
t h e  ce l l s  a r e  made from m a t e r i a l s  ( s i l i c o n  and germanium) f r o m  which 
homogenous i n g o t s  can be prepared and t h e  s u r f a c e s  of t h e  ce l l s  can 
be po l i shed  c o n s i s t e n t l y  t o  t h e  requi red  s p e c i f i c a t i o n s .  
The i n t e n s i t y  of t h e  n a t u r a l l y  occurr ing molecular resonance ab- 
s o r p t i o n s  of each c r y s t a l  m u s t  be i d e n t i c a l  i n  magnitude i n  o rde r  
t o  prevent  an imbalance i n  t h e  o p t i c a l  system. This c o n s t r a i n t  d ic -  
t a t e s  t h e  u s e  of c r y s t a l s  of i d e n t i c a l  l e n g t h  so t h a t  t h e  same o p t i c a l  
p a t h  l e n g t h s  a r e  t r a v e r s e d .  The same number of i n t e r n a l  r e f l e c t i o n s  
(samplings of t h e  s u r f a c e )  should be taken ,  f o r  i f  one c r y s t a l  w e r e  
longer  f o r  a g iven  t h i c k n e s s ,  i t  would n a t u r a l l y  sample m o r e  of 
t h e  background i n t e r f e r i n g  agents  - e.5. condensed E20, hydrocarbons, 
e tc .  The presence of apprec iab le  amounts of such contaminants a r e  n o t  
expected i n  a l una r  environment. 
4, E l e c t r o n i c s .  The l i g h t  power i n c i d e n t  upon t h e  thermocouple 
d e t e c t o r  i n  t h e  monochromator v a r i e s  between two discrete l e v e l s  -- 
t h e  h igh  l e v e l  being t h e  absorp t ion  spectrum of t h e  r e fe rence  c e l l  
c r y s t a l  and t h e  low l e v e l  being t h e  abso rp t ion  spectrum of t h e  Sam- 
p l e  c e l l  c r y s t a l  p l u s  t h e  powder sample. Hence, t he  i n c i d e n t  power 
on t h e  thermocouple v a r i e s  i n  "square wave" f a sh ion ,  gene ra t ing  a 
squa re  wave vo l t age  a c r o s s  t h e  thermocouple. The amplitude of t h i s  
squa re  wave i s  a d i r e c t  func t ion  of t h e  d i f f e r e n c e  of abso rp t ion  be- 
tween t h e  two c e l l s ,  The frequency of t h i s  square wave i s  the  same 
a s  t h e  o p t i c a l  chopping frequency (12cps) .  This  s i g n a l  i s  t h e  in-  
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formation i n p u t  t o  t h e  system e l e c t r o n i c s  a m p l i f i e r .  
A second vo l t age  s i g n a l  was generated by t h e  chopping system f o r  
synchroniza t ion  purposes. This was done by a magnetic reed swi tch  
mounted near  t h e  pe r iphe ry  of t h e  mi r ro r  and an i r o n  s h i e l d  mounted 
on t h e  per iphery  of t h e  mi r ro r .  The magnetic swi tch  i s  a c t i v a t e d  
by t h e  s h i e l d  once each revolu t ion .  Thus, p u l s e s  a r e  genera ted  a t  
t he  chopping frequency r a t e  and a r e ,  t h e r e f o r e ,  synchronized w i t h  
t h e  o p t i c a l  chopper and t h e  information s i g n a l .  This  synchroniza t ion  
s i g n a l  i s  app l i ed  t o  t h e  synchronous d e t e c t o r  i n  t h e  a m p l i f i e r .  
A block  diagram of t h e  system e l e c t r o n i c s  i s  shown i n  Figure 10. 
The system c o n s i s t s  of a high ga in  a m p l i f i e r ,  synchronous d e t e c t o r ,  
pane l  meter, and X-Y pen recorder .  The r eco rde r  gene ra t e s  a p l o t  
of abso rp t ion  versus  wavelength whi le  t h e  pane l  meter, a zero-center  
microammeter, i n d i c a t e s  t h e  magnitude>of t h e  abso rp t ion  (unbalance) .  
I n i t i a l l y ,  be fo re  a sample i s  introduced onto  t h e  sample ce l l ,  t h e  
o p t i c a l  system i s  ad jus t ed  t o  y i e l d  a n u l l  ( ze ro  d e f l e c t i o n  on panel  
meter and r e c o r d e r ) .  
The a m p l i f i e r  used  was a P h i l i p s  S e l e c t i v e  Voltage Amplif ier ,  It  
i s  a h igh  g a i n  (186db maximum) narrow band (0.35 cps maximum) se l ec -  
t i v e  a m p l i f i e r  cen tered  a t  1 2  cps. The information s i g n a l  i s  ampli- 
f i e d  andappl ied t o  one i n p u t  of a synchronous d e t e c t o r  w i t h i n  t h e  
a m p l i f i e r .  The synch s i g n a l  is appl ied  t o  a second channel w i t h i n  
t h e  a m p l i f i e r  where it i s  shaped and phase ad jus t ed ;  it i s  then  
a p p l i e d  a s  t h e  d r i v e  s i g n a l  t o  t h e  synchronous d e t e c t o r .  The out- 
p u t  of t h e  d e t e c t o r  i s  a DC vol tage whose l e v e l  i s  a d i r ec t  func t ion  
of t h e  amplitude of t h e  information s i g n a l .  The p o l a r i t y  of t h i s  
v o l t a g e  appearing a c r o s s  t h e  zero-center pane l  m e t e r  and t h e  re- 
corder output  j ack  i s  a func t ion  of t h e  r e l a t i v e  phase of t h e  i n -  
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formation and synch s i g n a l .  The maximum g a i n  from s i g n a l  i n p u t  t o  
t h e  m e t e r  i s  186db; t h e  maximum g a i n  from t h e  i n p u t  t o  t h e  " r eco rde r  
ou tput"  t e rmina l  i s  130db. 
The X-Y pen recorder  used was a Moseley 135M. This  recorder  has  
i t s  own i n t e r n a l  a m p l i f i e r  whose g a i n  and t i m e  cons t an t  are  v a r i -  
a b l e .  By measuring t h e  "noise  d e f l e c t i o n "  of t h e  r eco rde r  and 
us ing  t h e  g a i n  f i g u r e s  of t h e  recorder  and a m p l i f i e r ,  it was d e t e r -  
mined t h a t  t h e  equ iva len t  noise  inpu t  was i n  t h e  o r d e r  of 10' 
v o l t s .  For a poly-vinylidene-chloride ( saran)  d e p o s i t ,  t h i s  co r re s -  
ponds t o  a minimum d e t e c t a b l e  s i g n a l  which i s  e q u i v a l e n t  t o  < 5% 
abso rp t ion  a t  9.5 I-I (Ref. 9 ) .  
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3.2 Sample P repa ra t ion  
3.2.1 P a r t i c l e  Separa t ion  
Lo-Micron S i l i c a  powder of maximum p a r t i c l e  diameter  43 u was 
obtained from A. D. MacKay Inc.  
n a t u r a l l y  occurr ing  q u a r t z  which i s  no t  pure  S i 0 2 ,  s i n c e  it con- 
t a i n s  minera l  i m p u r i t i e s  of low metal  con ten t ,  i.e. approximately 
50% k a o l i n i t e  c l a y  a s  determined by X-ray d i f f r a c t i o n  a n a l y s i s  
a t  P h i l i p s  Labora tor ies  . 
The powder cons i s t ed  of ground 
The powder was separa ted  by means of a R o l l e r  P a r t i c l e  S ize  An- 
a l y z e r  i n t o  p a r t i c l e  s i z e  groupings of 0-3.5 p,  3.5-5 p,  5-10 p,  
10-20 la, 20-30 p,  and 30-43 p,  The ana lyze r ,  a s i n g l e  s t a g e  a i r  
e l u t r i a t o r  manufactured by t h e  American Instrument  Co., s e p a r a t e s  
f i n e l y  d iv ided  m a t e r i a l  according t o  p a r t i c l e  diameter .  
The ins t rument  performs t h e  sepa ra t ion  a s  fol lows:  
d r i e d  m a t e r i a l  t o  be separa ted  is placed i n  a sample tube.  
s u r e  r e g u l a t e d  a i r  i s  then  passed through a nozzle  i n t o  t h e  sample 
tube .  This  s t eady  s t ream of a i r  c a r r i e s  p a r t i c l e s  of t h e  powder 
sample i n t o  a s e t t l i n g  chamber mounted above and connected t o  t h e  
g l a s s  sample t u b e .  A s  t h e  a i r  stream w i t h  i t s  e n t r a i n e d  p a r t i c l e s  
e n t e r s  t h e  s e t t l i n g  chamber, it passes  through a d i f f u s e r  s e c t i o n ,  
expanding i n  c ros s - sec t ion  t o  t h e  a r e a  of t he  a c t u a l  s e t t l i n g  re- 
g ion .  I n  expanding, it assumes a d e f i n i t e  l i n e a r  v e l o c i t y .  The 
f o r c e  e x e r t e d  by t h e  a i r  s t r e a m w i l l  be g r e a t  enough t o  c a r r y  
p a r t i c l e s  of a given diameter ,  and a l l  p a r t i c l e s  smal le r  i n  d i a -  
m e t e r ,  upward through t h e  s e t t l i n g  chamber. P a r t i c l e s  l a r g e r  than  
A sample of 
P r e s -  
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t h e  g iven  diameter  w i l l  f a l l  back, a g a i n s t  t h e  f o r c e  of t h e  a i r  
stream, i n t o  t h e  g l a s s  sample tube ,  The upper po r t ion  of t h e  
s e t t l i n g  chamber diminishes  i n  c ros s - sec t ion  a s  t h e  t o p  i s  ap- 
proached, so t h a t  t h e  a i r  stream v e l o c i t y  i n c r e a s e s  a t  it c a r r i e s  
t h e  p a r t i c l e s  o u t  of t h e  chamber, through a "gooseneck" t u b e ,  
and i n t o  a c o l l e c t i n g  thimble.  The thimble i s  made of porous 
m a t e r i a l  enabl ing  it t o  pass  the  a i r  stream whi le  r e t a i n i n g  t h e  
p a r t i c l e s .  
The p r i n c i p l e  of t h e  Ro l l e r  P a r t i c l e  S ize  Analyzer i s  based on 
Stokes '  Law, where t h e  v e l o c i t y  V of a s p h e r i c a l  p a r t i c l e  f a l l i n g  
f r e e l y  i n  a v i scous  medium i s  expressed by  
where d = diameter  of p a r t i c l e ,  
g = 980 cm/sec2, 
9 = v i s c o s i t y  of t h e  f l u i d  medium (1.82 x lo' po i se  
P = d e n s i t y  of p a r t i c l e ,  
f o r  a i r  a t  2 O o c ) ,  
Pa = d e n s i t y  of f l u i d  medium 
If t h e  d e n s i t y  of t h e  a i r  i s  neglec ted ,  S tokes '  Law reduces t o  
v = 29.91 x 10'4p d2 cm/sec, (2) 
where t h e  p a r t i c l e  diameter  i s  expressed i n  mic rons .  
The r equ i r ed  a i r - f low r a t e  F on a volume b a s i s ,  i s  t h e  requi red  
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a i r  v e l o c i t y  m u l t i p l i e d  by t h e  cross s e c t i o n a l  a r ea  of t h e  s e t t l i n g  
chamber being used,  o r  
F = VnD2 cc/sec o r  
4 
F = 47.1 VD2 cc/min 
( 3 )  
(4)  
where D = s e t t l i n g  chamber diameter ( c m )  
S u b s t i t u t i n g  t h e  express ion  f o r  V i n t o  t h e  equat ion  f o r  F, one 
o b t a i n s  
F = 0,1409 x d 2 D a  l i t e r s /min ,  (5) 
where P was taken  a s  2.65 gm/cm3 f o r  s i l i c a .  
A s i l i c a  s e p a r a t i o n  schedule is  shown i n  Table 2.  
3.2.2 P repa ra t ion  of Rouqh So l id  Samples. 
Samples of fused q u a r t z  p l a t e  and soda g l a s s  p l a t e  w e r e  f r o s t e d  
by g r ind ing  them w i t h  a 240 mesh alumina/water mixture u n t i l  t h e  
p l a t e s  became d i f f u s e  r e f  l e c t o r s  . 
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Table 2: S i l i c a  Sepa ra t ion  Schedule 
9 
9 
4 1/2 
2 1/4 
2 1/4 
1 l / E  
2.5 
5 
F - 
5 
11 
5 
,066 
.06b 
-066 
-066 
0120 
.066 
3 . 3  
il 
11 
11 
3 .8E 
11 
3.3i 
11.1 
11.1 
il.1 
3.88 
11.1 
90 
6 3  
4.5 
30 
i5 
4.0 
1-35 
1.75 
1.7 
1.6 
1.9 
1.7 
Note: S i l i c a  d e n s i t y  == 2.65 grams/cm3 
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3.3 Measurements 
3,3.1 Absorption Spec t ra  of Powder Samples. 
I n f r a r e d  abso rp t ion  s p e c t r a  were obtained of a number of s i l i c a  
and q u a r t z  samples by p l ac ing  t h e  powder samples i n  c l o s e  con tac t  
w i t h  t h e  germanium sample c e l l  ( see  Figure 8 ) .  The samples in -  
v e s t i g a t e d  included 0-150 p (100 mesh) and 0-300 p (40 mesh) q u a r t z  
powder, u n e l u t r i a t e d  Lo-Micron S i l i c a  powder (0-43 p i n  diameter)  
and Lo-Micron S i l i c a  powder of p a r t i c l e  d iameters  0-3.5 p,  5-10 p,  
10-20 p, 20-30 p,  and 30-43 p. A number of a b s o r p t i o n  s p e c t r a  a r e  
presented  i n  F igures  11 through 16; a p l o t  of p e r c e n t  abso rp t ion  
vs  wavelength f o r  t h e  5-10 I.I diameter Lo-Micron S i l i c a  powder i s  
shown i n  Figure 17 .  
Owing t o  t h e  s p e c t r a l  emission c h a r a c t e r i s t i c s  of t h e  glower source;  
t h e  2 t o  1 4 - 5  p wavelength range was covered i n  t h r e e  s e c t i o n s ;  
t h i s  r equ i r ed  r e a d j u s t i n g  the  ampl i f i e r  g a i n  and monochromator 
s l i t  width, ,  Four r u n s  w e r e  made, f o r  each sample, over t h e  e n t i r e  
range. They a r e  a s  fol lows:  
a .  Zero' l e v e l  curve - r ep resen t s  t h e  ze ro  l i n e  obtained by 
b locking  o f f  t he  i n f r a r e d  power a t  the  p o i n t  of en t rance  
of t h e  l i g h t  beam i n t o  t h e  monochromator. 
b.  Balance curve - r e p r e s e n t s  t h e  "double-beam" t r a c e  obta in-  
ed when t h e  i n f r a r e d  power emerging from t h e  reference c e l l  
i s  balanced a g a i n s t  t h a t  emerging from t h e  sample c e l l  w i th  
no powder p re sen t .  
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c. Absorption curve - r ep resen t s  t h e  "double-beam" t r a c e  wi th  
t h e  sample (powder) i n  contact  w i t h  t h e  su r face  of t h e  sam- 
p l e  c e l l ;  t h i s  i s  t h e  in f r a red  abso rp t ion  spectrum of the  
sample. I t  should be noted t h a t  t h i s  curve co inc ides  w i t h  
t h e  balance curve i n  a number of s p e c i f i c  reg ions ,  i. e. 
2 t o  7 p,  near  11 IJ., and again beyond 1 3  p -- i n d i c a t i n g  
t h a t  there i s  no absorp t ion  or s c a t t e r i n g  occurr ing  i n  t h e s e  
reg ions  . 
d.  100% abso rp t ion  curve - r ep resen t s  t h e  power l e v e l  and was 
obtained by blocking off  t h e  l i g h t  emerging from t h e  sample 
c e l l ,  The a m p l i f i e r  g a i n  was ad jus t ed  f o r  t h e s e  runs i n  
order t o  keep t h e  curves on s c a l e .  The bands appearing be- 
yond ll )1 a r e  l a t t i c e  and/or germanium oxide bands which a r e  
c h a r a c t e r i s t i c  of t h e  c e l l  m a t e r i a l .  It  should be noted t h a t  
t h e  c e n t e r s  of t h e s e  bands do not  occur a t  t h e  same wavelengths 
a s  t h e  c e n t e r s  of t h e  molecular resonance abso rp t ion  bands of 
t h e  powder sample, For c l a r i t y ,  t o  avoid c l u t t e r ,  t h e  100% 
abso rp t ion  curve has been removed from many of t h e  s p e c t r a .  
The v e r t i c a l  marker p i p s  on t h e  s p e c t r a  r e l a t e  t h e  wavelength 
drum s e t t i n g s  on t h e  Perkin-Elmer spectrometer  t o  a c t u a l  wave- 
l e n g t h s  i n  microns v i a  a c a l i b r a t i o n  c h a r t ,  
The useable  o p t i c a l  range of t he  FMIR technique i s  determined by 
t h e  t r ansmiss ion  range of t h e  ce l l s  and t h e  d i s p e r s i n g  media ( v i s i b l e  
t o  1 5  microns fo r  NaCl pr i sm) ,  and t h e  r e so lv ing  power of t h e  system 
i s  a f f e c t e d  by t h e  s l i t  w i d t h .  Since t h e  monchromator used t o  ob- 
t a i n  t h e  FMIR spec t r a  was not  equipped w i t h  a s l i t  width d r i v e ,  
it was no t  p o s s i b l e  t o  maintain cons t an t  l i g h t  power a t  a l l  wave- 
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l eng ths  i n  any s i n g l e  scan. The abso rp t ion  bands contained i n  
t h e  FMIR spec t r a  w e r e  t he re fo re ,  s l i g h t l y  d i s t o r t e d .  The t o t a l  
excurs ion  of an  abso rp t ion  band, f r o m  0 t o  100% abso rp t ion ,  va r i ed  
i n  l eng th  (Y a x i s )  through t h e  wavelengths covered: t h e  excurs ion  
was g r e a t e r  on t h e  s h o r t  wavelength s i d e ,  s i n c e  t h e  i n t e n s i t y  of 
t h e  r a d i a t i o n  increased  wi th  decreasing wavelength. 
T h e  2 t o  7 1.1 wavelength range was scanned a t  a s l i t  wid th  s e t t i n g  
of 200 1-1, t h e  7 t o  1 2  1.1 range a t  a 600 micron s l i t  wid th  s e t t i n g ,  
and t h e  1 2  t o  14.5 1.1 range a t  a 1000 micron s l i t  wid th  s e t t i n g .  
The q u a n t i t i e s  of t h e  m a t e r i a l  (sample volume) i n v e s t i g a t e d  w e r e  
determined by t h e  t o t a l  amount of m a t e r i a l  i n  close c o n t a c t  w i th  
t h e  ce l l .  Since packing f r a c t i o n  i s  a func t ion  of p a r t i c l e  s ize ,  
sample volume inc reases  w i t h  decreasing p a r t i c l e  s i z e ,  for  equal  
c e l l  s u r f a c e  a r e a  exposure. I n  t h e  p r e s e n t  i n v e s t i g a t i o n ,  t h e  
double-pass ce l l s  w e r e  used i n  a h o r i z o n t a l  p o s i t i o n  a s  shown i n  
F igure  9. A smal l  l u c i t e  conta iner  was provided t o  hold t h e  pow- 
d e r  around the cel l .  In  order  t o  i n c r e a s e  t h e  packing f r a c t i o n ,  
t h e  powders w e r e  pressed l i g h t l y  a g a i n s t  t h e  cells:  approximately 
75% of t h e  c e l l  su r f ace  a r e a  was covered. The e f f e c t  of p a r t i c l e  
s i z e  on abso rp t ion  i s  seen i n  Figure 18 which shows increased  
a b s o r p t i o n  fo r  t h e  smal le r  p a r t i c l e  diameters  a t  a l l  abso rp t ion  
band wavelengths. 
T h e  h igh  s p e c t r a l  c o n t r a s t  of the obtained p a t t e r n s  i s  ev ident .  
For p a r t i c l e s  s i z e s  ranging from 0 t o  43 1.1 i n  d iameter ,  no loss 
of sampling power due t o  s c a t t e r i n g  was observed i n  the  2 t o  1 2  1.1 
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wavelength range. 
wavelength was noted wi th  t h i s  p a r t i c u l a r  experimental  se tup .  
N o  decrease  i n  sampling power a s  a func t ion  of 
For t h e  Lo-Micron S i l i c a  samples, abso rp t ion  bands w e r e  noted a t  
wavelengths of 8.6, 9.0, 9.7, 9.9, 10.7, 10.9, 12.5, 12.8,  and 
approximately 14.2 p.  
abso rp t ion  band (8.6 t o  9.9 p band) of t h e  Lo-Micron S i l i c a  powder 
a r e  30, 32, 32, 33, 30 and 31 m i l l i m e t e r s  f o r  t h e  spec t r a  of t h e  
0-3.5, 3.5-5, 5-10,lO-20, 20-30, and 30-43 p p a r t i c l e  s i ze  group- 
i n g s ,  r e s p e c t i v e l y .  This i n d i c a t e s  t h a t  t h e r e  i s  no band d i s t o r -  
t i o n .  
The measured half-widths  of t h e  composite 
The p o s i t i o n s  of t h e  absorp t ion  band peaks obtained by FMIR Spec- 
t ro scopy  f o r  Lo-Micron S i l i c a  (see Table 3) ag ree  w i t h  t h e  p o s i t i o n s  
of t h e  peaks obtained by Lyon (Ref. 10 and Figures  19, 20) .  The 
appearance of e x t r a  peaks i n  t h e  8 t o  14.5 p wavelength range was 
due t o  t h e  k a o l i n i t e  component of t h e  powder. An 0-H s t r e t c h  band 
observed a t  2 .8  was f u r t h e r  evidence of t h e  presence of k a o l i n i t e .  
3.3.2 Absorption Spectra  of Rouqh S o l i d s  
F igu res  2 1  and 22  a r e  t h e  absorp t ion  s p e c t r a  of f r o s t e d  fused 
q u a r t z  p l a t e  and f r o s t e d  soda g l a s s  p l a t e ,  r e s p e c t i v e l y .  The 
s p e c t r a  w e r e  ob ta ined  i n  t h e  same manner a s  w e r e  t hose  of t h e  
powders. 
of 8 .2 ,  8.8, 9.55, and 12.5 p; t h e  g l a s s  p l a t e  has  abso rp t ion  
bands a t  wavelengths of 9.15, 9.9.and 12.5 p. The abso rp t ion  
bands a r e  r a t h e r  broad. 
The q u a r t z  p l a t e  has abso rp t ion  bands a t  wavelengths 
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Table  3: P o s i t i o n  of S i l i c a t e  Absorpt ion Band Peaks i n  
8 t o  14.5 )1 Range For Spec t ra  Obtained by  Con- 
v e n t i o n a l  Spec t roscopy and FMIR Spect roscopy.  
Convent iona l  Spec t  
'owdered Q u a r t z  
(KBr  P e l l e t )  
(microns)  
8.6 
9.1 
9.4 
10.2 
1 2  .7 
12.9 
1 4  .I 5 (approx)  
oscopy 
Fused S i l i c a  
(microns ) 
8.5 
9.1 
1 2  -4 
14.4 
Quar t z"  
(microns]  
8.6 
8.8 
12.6 
12.8 
14.4 
'MIR Spec t roscopy 
Lo-Mi c ron  
S i l i c a  
(microns)  
8.6 
9.0 
9 -7 
9.9 
10 -7  
10.9 
12.5 
1 2  -8 
14.2 (approx 
* The g e n e r a l  ass ignments  f o r  q u a r t z  s p e c t r a  peaks a r e  9.1 t o  
12.5 p (Si-0 s t r e t c h )  and 12.5 t o  16.7 )1 (S i -S i  s t r e t c h ) .  
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F i g u r e  19: T r a n s m i s s i o n  Spectrum of F i n e l y  Powdered Quartz 
i n  a KBr P e l l e t .  (From R e f .  10) 
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Figure  20: Absorpt ion Spec t ra  For Polymorphs Of S i O a  - 
Quar t z  And Fused S i l i c a .  (From Ref. 10) 
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4. CONCLUSIONS 
Task A, A balanced double-beam FMIR system ( 2  t o  1 5  p wavelength 
r ange ) ,  which included a Perkin-Elmer Model 1 2 B  monochromator, col-  
l ima t ing  o p t i c s  and thermocouple d e t e c t o r ,  was f a b r i c a t e d .  Spec t ra  
of t h e  powder samples w e r e  obtained,  and t h e  c h a r a c t e r i s t i c s  of t h e  
abso rp t ion  bands of each powder s i z e  w e r e  noted.  
O f  s e v e r a l  c e l l  m a t e r i a l  i nves t iga t ed ,  germanium was t h e  c e l l  mater- 
i a l  employed i n  t h i s  s tudy;  it i s  r e l a t i v e l y  du rab le  and does not  
chemical ly  r e a c t  w i th  t h e  s i l i c a  samples. The u s e  of ga l l ium a r s e -  
n ide  cel ls  would enable  t he  u s e f u l  o p t i c a l  wavelength range of t h e  
FMIR s e t u p  t o  be extended beyond 1 5  p. C e l l s  made of s i l i c o n  can 
extend the range beyond 20 p. The d u r a b i l i t y  and hardness  of t h e s e  
m a t e r i a l s  a r e  comparable t o  those of germanium, 
The germanium c e l l s  were cleaned by blowing t h e  powder away wi th  a n  
a i r  j e t ,  brushing w i t h  a camel's h a i r  b rush ,  and washing w i t h  a 
m i l d  d e t e r g e n t  followed by swabbing wi th  v o l a t i l e  s o l v e n t s ,  
Extens ive  process ing  of t h e  sample (e.g. mull ing,  o p t i c a l  po l i sh -  
i n g ,  making of p e l l e t s ,  e t c . )  was not  r equ i r ed  p r i o r  t o  a n a l y s i s ,  
All t h a t  was needed was c l o s e  con tac t  between sample and ce l l .  Un- 
due p r e s s u r e  of t h e  rock samples on t h e  specu la r  s u r f a c e s  could 
cause  s u r f a c e  s c r a t c h e s  which would r e s u l t  i n  l i g h t  s c a t t e r i n g ,  
t h e r e b y  decreas ing  the  sampling power. 
Task B. Lo-Micron S i l i c a  powder (0  t o  43 IJ. i n  d iameter )  was 
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purchased f r o m  A .  D. MacKay I n c .  and sepa ra t ed  i n t o  predetermined 
p a r t i c l e  s i z e  groupings by means of a i r  e l u t r i a t i o n .  Quar t z  powders, 
of d iameters  0-300 p (40 mesh) and 0-150 1-1 (100 mesh),  w e r e  a l s o  
obta ined .  
Task C. The FMIR abso rp t ion  spec t r a  of t h e  powder samples w e r e  ob- 
t a i n e d  and ag ree  w i t h  those  obtained by  Lyor) who used convent iona l  
a b s o r p t i o n  spec t roscopy techniques.  
Task D. N o  loss of power due t o  s c a t t e r i n g  was observed i n  t h e  
non-absorbing r eg ions  of t h e  s p e c t r a .  Had s c a t t e r i n g  occurred,  t h e  
a b s o r p t i o n  curve of t h e  sample would no t  have reached t h e  ba lance  
l i n e  on bo th  s i d e s  of t h e  molecular resonance a b s o r p t i o n  band: t h a t  
i s ,  s c a t t e r i n g  would have shown up a s  a wavelength dependent pawer 
loss, The obta ined  s p e c t r a  show t h e  sample a b s o r p t i o n  l i n e  re- 
t u r n i n g  t o  o r  near  t h e  ba lance  curve i n  t h e  non-absorbing reg ions .  
S ince  t h e r e  was no evidence of s c a t t e r i n g ,  no power loss dependence 
on p a r t i c l e  s i z e  was measured. 
Task E. The s p e c t r a  of p a r t i c l e s  i n  t h e  10 t o  50 1-1 diameter  range 
a r e  i n  close agreement w i t h  Lyon's d a t a  (Ref. 10) a s  t o  t h e  number 
of a b s o r p t i o n  peaks p r e s e n t  and t h e  wavelength a t  which t h e y  occur .  
The t o t a l  a b s o r p t i o n  of each p a r t i c l e  s i z e  decreased  w i t h  inc reas -  
i n g  p a r t i c l e  diameter .  This may be due t o  an e f f e c t i v e  dec rease  
i n  t h e  volume of powder be ing  sampled by t h e  p e n e t r a t i n g  r a d i a t i o n ,  
a s  t h e  p a r t i c l e  d iameter  i nc reases .  Since t h e r e  a r e  more vo ids  
between p a r t i c l e s  a s  d iameter  i nc reases ,  t h e  packing f r a c t i o n  de- 
c r e a s e s .  A l l  s p e c t r a  exh ib i t ed  h igh  s p e c t r a l  c o n t r a s t .  
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High c o n t r a s t  s p e c t r a  of powdered q u a r t z ,  of d iameters  0-300 p 
(40 mesh) and 0-150 p (100 mesh), w e r e  ob ta ined .  
Task F, 
ed by g r i n d i n g  w i t h  a 240 mesh alumina/H,O mixture ,  w e r e  examined 
by t h e  FMIR technique .  
q u a l i t y ,  
Samples of soda g l a s s  p l a t e  and fused q u a r t ?  p l a t e ,  f r o s t -  
The obtained s p e c t r a  w e r e  of h igh  s p e c t r a l  
Based on t h e s e  experimental  r e su l t s ,  it i s  concluded t h a t  t h e  
technique  of FMIR spec t roscopy is  a f e a s i b l e  method f o r  o b t a i n i n g  
h igh  q u a l i t y  i n f r a r e d  absorp t ion  s p e c t r a  of powders. 
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5 .  RECOMMENDATIONS 
The r e s u l t s  obtained w i t h  t h e  powdered s i l i c a t e s  a r e  encouraging 
and s t r o n g l y  i n d i c a t e  t h a t  i n t e r n a l  r e f l e c t i o n  spec t roscopy can 
be of va lue  i n  luna r  s a i l  a n a l y s i s  a s  w e l l  a s  i n  o t h e r  a r e a s  n o t  
amenable t o  convent iona l  spectroscopy techniques ,  I t  i s  recom- 
mended t h a t  t h e s e  s t u d i e s  be continued, so t h a t  a thorough under- 
s t and ing  of t h e  i n t e r a c t i o n  of t h e  p e n e t r a t i n g  e lec t romagnet ic  
f i e l d  w i t h  t h e  powder samples may be obta ined .  
proposed: 
The fo l lowing  i s  
a ,  Modify t h e  balanced double-beam s e t u p  so 
t h a t  t h e  ang le  of inc idence  can be cont in-  
uously a d j u s t e d ,  and mount t h e  cel ls  i n  a 
v e r t i c a l  p o s i t i o n  so t h a t  t h e y  can be dipped 
i n t o  the powder, 
b.  Repeat measurements of powder samples us ing  
p o l a r i z e d  l i g h t  a t  va r ious  a n g l e s  of i nc id -  
ence . 
c. Attempt t o  o b t a i n  t h e o r e t i c a l  understanding 
of l i g h t  s c a t t e r i n g  ( o r  l a c k  of it) for 
t o t a l  i n t e r n a l  r e f l e c t i o n .  
d .  Extend measurements t o  wavelengths beyond 
14.5 M. 
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These measurements should provide va luab le  e m p i r i c a l  knowledge 
of t h e  e f fec ts  of l i g h t  s c a t t e r i n g  a s  r e l a t e d  t o  i n t e r n a l  re- 
f l e c t i o n  spectroscopy and perhaps encourage f u r t h e r  i n v e s t i g a t i o n  
of s c a t t e r i n g  theo ry  for  t o t a l  i n t e r n a l  r e f l e c t i o n .  
I t  i s  suggested t h a t  t h e  proposed work be considered a follow- 
on e f f o r t .  
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